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1.0 INTRODUCTION

A High Gain Array (HGA) prototype stave was received at the NRL composite
unit accelerated life test (CUALT) facility in the 2nd Quarter FY92. A five equivalent
year (EY) ALT was concluded in November 1992 and the stave was then sent to
TRI/Austin for post-ALT autopsy. This TRI/Austin report details test and autopsy
results for the HGA pro.otype stave.

1.1 Test Article Description

The prototype HGA stave consists of 20 passive hydrophone elements in a
line array as shown in Figure 1. Each hydrophone has two ceramic elements in
series with an aluminum spool to provide air backing and axial passage of the stave
cable. Figure 2 is a schematic diagram of the hydrophone provided as part of the
documentation for the ALT stave.

Each hydrophone includes a printed circuit board (PCB) which is encapsulated
in a separate molding stage. The PCB is U-shaped to fit around the cable. The entire
element is potted and connected to a stave cable consisting of 30 bundled conductors,
an outer braided binder, and an inner strength member of Kevlar® with a braided
binder. Twenty-four of the conductors are coaxial with a center, signal conductor of
28 AWG tin-plated copper and a 38 AWG tin-plated copper shield. Six of the wires
are configured with a single, seven-stranded copper conductor of 2¢ AWG. The

stave cable bundle, and thus the center of the hydrophone elements, is free flooded.
The stave cable is terminated in a 37-pin connector with two mechanical
terminations of the braided binders and Kevlar® strength members.

. - R L)

Figure 1. HGA Stave
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Ist STAGE CERAMIC MOLD
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DWG. N9, 0S049L.DVG

cnd STAGE MOLD
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FREE FLODD

£/4 CABLE Ist STAGE PRE-AMP NOLU

(UNDER VACUUM)
DWG. No. 05035L.DWG

VG, Ne. 050291.BWG

Figure 2. Schematic Diagram of a HGA Hydrophone

L]

1.2

Appendix A contains the mission profile provided by Naval Surface Warfare
Center, CARDEROCK DIV. for the HGA stave. Table 1 summarizes the primary
mission and corresponding ALT exposures. All accelerated times were computed
using a classic Arrhenius relation and a 13.3 keal/mole activation energy. This
value corresponds to a nominal activation energy for the diffusion of water into
polymeric materials. A discussion of the means by whxd\ ac.c.elerated test times are
determined is included as Appendix B.

Table 1. Primary Mission Profile for One Year and Corresponding ALT Expesures

 MISSION PROFILE | CUALT EXPOSURE
DEPTH; 400~ 16006, HVDROSTATIC PRESSURE:
| N 750 psig (NO ACCELERATION)
C128hes, -
AIREXPOSURE: ~ 1/2VEAR ENVIRONMENTAL CHAMBER:

(ON DECK) c TEMP:  0°C
: ' UV 67 R\N/mlz
OZONE: 2ppm

151 ars. -

WET EXPOSURE: -~ 1/2YEAR HOT S0AK:
FLORIDA - » TEMP.: 70°C
LATITUDE ' SALT WATER
150 hrs.

TOTAL HOURS: 455 hrs.
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The term of the test was five equivalent years, where an equivalent year is
defined as that amount of stress exposure corresponding to a year of service, and is
summarized for the HGA in Table 1. Measuremeiiis of hydrophone gain were
‘made using a HP-4192A impedance analyzer and associated PC based
control/collection system shown schematically in Figure 3. These measurements
were made at the end of each EY.

IEEE
COMPUTER 4192

0SC

[

CHANNEL A CHANNEL B

[~ CAL——1-20—
HGAUNIT 1 »| TESTFIXTURE |

Figure 3. HP-3192A Impedance Analyzer and PC-Based Contyol/Collection System

In addition, insulation resistance (IR) and surface hardness measurements
were made each EY. The IR data were collected with a standard laboratory
ohmmeter as opposed to a high voltage IR measuring device (megohmmeters) to
prevent damage to the hydrophones from overvoltage in {esting, The surface
hardness measurements were made at the same location throughout the test using a
Shore A hardness tester. '

There were two procedures employed during the ALT which impacted the
data. The first involved dividing the hydrophone gain measurements into two fre-
quency ranges, 0.1 to 1.0 kiHz and 1.0 kHz to 100 kHz. These measurements were
made serially such that all the low frequency data were collected first, followed by
the high frequency data. The result was that many elements had low frequency data
collected on a different day than high band data, causing a shift in the data at 1 kkz
that was an artifact of the measurement procedure rather than a hydrophone re-
sponse problem. These data were corrected in final processing to provide a continu-
ous response curve, and where corrections wete made the data are annotated.
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In the original ALT schedule the response measurements were routinely
made atter the hydrostatic pressure cycle. It was noticed during EY 4 that the
hydrophones were responding in an odd manner after the pressure test, and in EY 5
the order of exposures was changed such that response measurements were made
after an elevated temperature air exposure. The result was that the hydrophone
response for elements which had been marginal through EY 4 actually improved in
EY 5. This is a clear indication that many of the elements were experiencing drying
in the hot air exposure and had some amount of water ingression from the wet
pressurized exposures. This effect is not uncommon and a change in exposure order
of this type often highlights an otherwise subtle watertight integrity problem.

2.0 ALT RESULTS

2.1 Hydrophone Gain Data

Figure 4 is an example set of hydrophone gain response curves for element
H2 of the HGA prototype stave. Note that there is little or no variation from one EY
to another for this element. Figure 5 shows the same data for element H10, whose
response appears to be erratic for the EY 4 measurement period. The roll-off of EY 4
changed dramatically from the baseline data of EY 0 but was back to normal in EY 5 -
an indication that the hot air exposure prior to the EY 5 measurement removed
from the unit the moisture that had evidently been a problem in EY 4. The
response curves for all elements are included in Appendix C.

High frequency roll-off, low frequency roll-off, and 3 dB bandwidth for each
hydrophone gain response curve are presented in Table 2. Table 3 includes the
corresponding frequencies associated with the high and low frequency roli-off. In
each instance in which the data of Appendix C show response changes, due to dry
out or other effects, between the 4th and Sth EY there is a recognizable change in one
or more of the three parameters in the table.

2.2 Eardness and IR Data

The Shore A hardness data, averaged over all elements, are shown in
Figure 6. The polyurethane molding of the clements demonstrated a very high
Shore A value which was not impacted by the ALT.

The insulation resistance data for elements H15 and H7 are shown in Figures
7a and 7b. The following comments apply to the IR data in general, and can be seen
in the pleis of Figures 7a and 7b:

1. Those elements which had dramatic changes in hydrophone gain response
due to the dry out sequence between EY 4 and EY 5 also showed a dramatic
High/Low air IR decrease prior to EY 4 followed by an increase in High/Low
air IR between EY 4 and EY 5. This is another indication that these elements
suffered at least partial loss of watertight integrity by the end of EY 4.
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Figure 4. Hydrophone Gain Response Curves for Element H2
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Figure 5. Hydrophone Gain Response Curves for Element H10
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Table 2. High Frequency Roll-off, Low Frequency Roll-off,
and 3 dB Bandwidth for Each Hydrophone Gain Response Curve

LP Roll-off (dB/CGctave) HF Roll-off (dB/Octave)
Equivslent Years Equivalent Years
SN 0.0 10 20 36 40 S50 $IN 00 10 20 30 40 50
Hi 647 614 607 643 536 6.2 H 1095 1090 10.87 1042 875 10.57
H2 664 612 632 617 685 630 H2 10.61 1065 10.53 1055 1044 9.94
H) 65 624 628 671 640 627 H3 10.5§ 1062 1053 10.55 1036 10,15
H4. 619 6.14 588 700 658 59 He 10.57 10.50 10.54 10.57 1047 10.26
HS§ 649 621 621 7.00 654 636 HS 10.85 1048 1082 1059 698 5.9
Hs 634 613 636 257 1M 67 H6 10.87 10.84 1083 1079 7.16 836
S H? 609 625 6.56 H? 877 936 1081 677 258 103
e, Ha 631 628 639 598 863 6.45 H8 10.86 (085 1077 1062 828 10
- HY 6.13 645 690 582 636 H9 10.89 1089 10.88 1079 10.70 1047
K10 647 6.4 625 631 HI0 1095 1090 10.87 8.88 1036
Hny 650 625 652 626 121 590 Hit 1090 1090 1088 935 9.10 1048
HI2 621 6.3 641 644 649 6.6 Hi2 1068 1064 1064 1065 1068 10.70
H1Y 682 630 668 676 635 638 Hi3 1075 1074 10.74 1020 1070 1048
. Hie 64 63 663 67 659 6.4 Hid 1093 1089 1038 1086 1L31 1085
KIS 647 630 628 H1S 1091 1083 {0.87
: Hls 6855 628 642 T4 6146 600 H16 1090 1089 10.85 1080 1251 1063
HY 661 625 647 905 649 640 HI? 1057 1077 1090 1098 1076 1051
: Hib 665 629 649 928 698 647 His 1085 1081 1078 1090 1091 0B
s Ki9 668 637 640 667 63 641 Hi 1077 1012 0N 107 1N ol
P b0 64T 648 64) 104 68 626 $120 1078 1078 1076 W3y i
~ . AVg 646 624 63 701 565 62 AVG 1071 1070 1097 100 905 9de
SiDS 019 00 019 08 063 017 STDS 04 OX 012 09 2351 LY
Lo 338 Buduadih (tz)
. Equivalemt Years
SN 06 10 20 30 49 50
B i 14016 IS4 1300 INT WNT IR
M2 19230 15028 18251 1S 15365 1%
3 U8 15074 4037 15166 15216 15345
He ISH57 14985 14933 ISIML 15200 peDs7
. . HS 1I519  1I8E8 IR 13502 SOT2 MM
o HE 13930 13926 2390) 13RS5 20515 17019
H? 19792 18359 148400 1470 1307
Ha 13RI 1150 JNT9 1SS 14735 12597
e 1660 133 1365 1416 14502 10382
‘W0 4016 13304 11570 16068 15544
un 13639 13937 13580 L3P 20207 13968
2 13764 13098 137859 13T 12030 1S
1) 19126 14336 1XRES 15903 12284 M4
. : fid 16097 14310 13405 LIS LELIS 14051
- T} 13792 1378 13573
Hs 1S A0S 14061 13999 SKsO5 19302
. 7 13023 1017 13917 18052 12780 13996
: T 1443) 14435 143356 L4321 YUTE W
Hi9 13919 14006 13861 144RD  14IVY  qND98
120 14060 24018 13993 14488 (UNW 20159
AVG 16451 3443) 14021 NWTY 1SUIB 35295

STDS 1358 1080 535 W4 34 2
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Table 3. Frequencies Associated
- with the High and Low Frequency Roll-off
Frequency at 3dB Low (Hz) Frequency at 3dB High (Hz)
Equivaleat Years Equivalen: Years

S/IN 0.0 1.0 2.0 3.0 4.0 5.0 SIN 0.0 1.0 2.0 3.0 4.0 5.0
HI 9116 83.88 8567 9081 8737 8495 HI 14107 13388 13180 13462 14884 14367
H2 9054 9147 9214 9524 9463 9756 H2 15322 15520 15343 15328 15460 15768
H3 9410 8750 8446 9662 9592 9652 - H3 15092 15164 15012 15263 15372 15441
H4 9296 8754 8788 9318 9612 10388 H4 15698 15074 15021 15229 15296 16171
HS 8741 8305 8L70 79.02 9148 9843 HS 13907 13901 13924 13581 20814 19342
H6 9009 8723 8830 9414 14448 97.08 H6 14022 14013 13992 13989 20659 17116
H7 9068 8438 8510 97.25 25195 88.13 H? 19882 18644 14534 14967 13165
H8 8197 9028 9016 9655 12564 98.05 H8 14027 14240 14270 15048 14880 12685
HO 80.78 7998 79.19 9196 87.44 H9 13741 13%3 13739 14196 14504 14480
HI0 9116 8388 8635 55.50 H10 14107 13838 13657 43600 16081 15900
Hl 8866 8801 8452 5362 10738 93.44 Hil 13978 14035 13945 13443 20315 13060
HI2 8479 8167 8288 9L17 9160 90.90 H12 13849 13980 13872 13834 12119 13882
H13 9263 8500 8358 9445 9268 934l Hi3 14219 14421 13529 16008 12347 14327
H14 9746 9153 8358 9499 9813 94.60 Hi4 14194 14401 13489 14333 11204 14156
H15 9011 8631 8639 H15 13883 13859 13659
Hl6 9447 8601 8532 9419 9682 971 HI6 14243 14191 14147 14093 8902 14395
H17 9086 8976 9204 14087 9468 9485 H17 14022 14134 14013 14193 12875 14091
H18 9628 8372 7997 12457 9598 9507 Hi8 14527 14524 14416 14458 14570 15372
H19 9373 9234 9211 9391 9569 98.00 H19 14013 14118 13953 14572 14489 18401
H20 9168 9051 9055 94.65 97.68 9495 H20 14152 14106 14084 14583 19905 20254
AVG 91.20 §7.32 86,13 94.57 108.34 92.39 AVG 14549 14497 14109 16009 15285 15388
STDS 421 35S 382 1157 3842 9.9 STDS 135, 1082 536 6718 M8 2102

97

86.5+

96

Hardness

b2 : . .

-0 1 2 3
Fleet Equivalent Year

Figure 6. Average Shore A Hardness for All Elements
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Figure 7a. IR Data for Element H15
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2 The low side IR in water tended to decrease somewhat between EY 1 and EY 2
and recovered beiween EY 4 and EY 5 for all elements. This is fairly typical IR
behavior for ALT units — an early decrease in IR which shows improvement
after a dry out cycie. This is different than the situation above in which a
much more dramatic change is observed that is correlated with ingression
into the unit for its conductors.

3. The High side in water data showed a small decrease between EY 1 and EY 2
and decreased somewhat between EY 4 and EY 5. The High/Low water IR was
similar for those elements which had no watertight integrity problem.

2.3 CUALT Data Summary

A qualitative summary of the ALT data for each element grouped by
common attribute is:

¢ Elements With No Problems: H2, H3, H4, H9, H17, and H18

* Elements With Dry Out Recovery: Hi, H8, H11, H12, H13, H14, and H16
* Elements With No Dry Out Recovery: HS5, H6, H19, and H20

* Elements With Anomalous Gains: H7, H10, and H15

The first grouping is composed of elements which experienced no problems during
the CUALT. The second group had gain anomalies (e.g., bandwidth decrease in EY 4
for elements H12, H13, H14, and H16, roll-off decreases which returned to initial
value for elements H1, H8 and H11) which were corrected by the dry out period
between EY 4 and EY 5. The third group had EY 4 and EY 5 gain anomalies (ali four
of these had increases in EY 4 and EY 5 bandwidth with associated decreases in roll-
off), while the last three elements had anomalous data which involved changes in
the shape of the hydrophone gain curves.

Due to these anomalies, elements H7, H10 and H15 are cause for concern.

Since there were only six elements which had no problems during the term
of the test (70% failure rate), there appears to be a design limitation for the prototype
HGA elements to achieve a service life goal of five years. At least seven elements,
and possibly as many as 11 elements (second and third groups above) showed
evidence of moisture ingression into the hydrophone or the conductors for those
elements. This could be a workmanship issue, a material selection problem, or
even a condensation issue, and design modifications have been made to correct this
problem in the production (as opposed to prototype) run of the HGA staves.

It should be noted that bandwidth and roll-off data of Table 2 appear to be
sensitive indicators of problems for the HGA elements. It may be worthwhile to
compute these periodically in service using the gain measurement calibration mode
to determine array health.
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3.0 HIGH GAIN ARRAY STAVE AUTOPSY

After being subjected to five equivalent years of CUALT, the HGA stave was
delivered to TRI/Austin for disassembly and degradation analysis, or autopsy.
‘Due to the complexity of each of the twenty hydrophone elements and time
constraints, complete disassembly was not accomplished for each element.
Instead, objectives were identified to characterize significant configuration items,
primarily on a representative basis. However, in the case of evaluating EMI
shielding of the hydrophones’ aluminum spools, all elements were subjected to
electrical contipuity testing, '

3.1 ‘Visual Observations an iminary Electrical Testin

The HGA stave was previously shown in Figure 1 as received for autopsy.
Three of the hydrophones (H1, H13, and H19) were observed to have been coated
with a black paint, but only residual coating remained at the tinie of autopsy.
Average residual coating was estimated to be less than 50 percent overall. The paint
was applied during the third EY of CUALT.

Copper mesh shielding was observed to be encapsulated within the malded
boots of 11 of the hydrophones: all even numbered units plus H11. Nine of the hy-
drophones were shielded with a similar copper mesh stranding. Serial number H11
was observed to have a woven mesh formed with interlocking loops. The copper
shield of H16 was coated with a black polymeric material. Discussions of shield con-
figuration and EMI functional evaluations are detailed in the following section.

Each of the hydrophones was observed to have been overbooted with an
amber polyurethane molding compound. The printed circuit boards of each
hydrophone were visibly pre-potted in polyurethane molding compound within
the potting of the outer boot. The ceramic stack assembly was specified =) be pre-
potted also; however, the molding was not visible through the outer boot.
According to DWG. NO. 050491.DWG, the ceramic was pre-potted with Hexcel Corp.
185N. The outer boot molding was not identified during autopsy but was observed
during CUALT to have a nominal Shore A hardness of 94-96, which suggests that it
was probably the same Hexcel 185N. (This might also explain why the pre-potting of
the ceramic was not visible, since identical molding compounds often do not
provide contrast when encapsulations merge) The PCB potting material was
specified (DWG. NO. 050591.DWG) to be Products Research and Chemical
Corporation’s PR-1547, which has a nominal Shore A hardness of approximately 75.

Each hydrophone was also observed to have been repaired after final boot
molding as evidenced by an obvious site of excavation and filling with
polyurethane compound. The repair sites were all located adjacent to the openmg
of the “U” in the printed circuit board.
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No serial numbers were visible on the connector or on either of the end
terminations, as required by the “Hydrophone Stave Requirements/Specifications.”

3.2 EMI Shijeld Evajuation

According to the table of DWG. NO. 050291.DWG, all of the odd numbered
hydrophones are specified to be unshielded. A discrepancy was noted for element
H11 which was found to be shielded. Although the unshielded units were not
instrumented with a copper sleeve, the aluminum spools were intended to be wired
to the stave’s ground circuit to provide EMI isolation of the ceramic elements from
the feedthrough wiring bundle.

Small cavities were excavated into the boot moldings with a high-speed
grinding tool to gain access to the shield, spool, and wiring components. For all the
units, the surface of the spool was ground with a Dremel tool to remove the
anodized (non-conductive, aluminum oxide) coating. Continuity testing was
conducted using a Fluke Model 77 digital voltmeter to characterize EMI shielding
integrity. Initial site selection for testing shield-to-spool continuity was in exrror due
to the inclusion of a 0.1 microfarad capacitor in the circuit. (The capacitor is directly
attached to the shield of the primary coaxial conductor for each element.) As
expected, testing with the capacitor in-line resulted in measurements of open
circuits in all cases. Repeated testing was performed with an alternate site selection
which accessed the lead between the capacitor and the aluminum spool.

As shown in Table 4, 12 of the 20 elements were found to have open or in-
termittent shield circuits between the aluminum spool and the coaxial wire shield. -
The attachment of the capacitor lead to the spool was made by an adhesive bond
with Masterbond BP76M, reported to be a nickel impregnated conductive epoxy.

Table 4. Aluminum Spool Continuity Test Resulis

1 OPEN 6 OPEN 11 OQPEN 16 5MQ

2 OPEN 7 OPEN 12 OPEN 17 INTERMITIENT
J2MQ 0 84009 13 OPEN - 18 600Q -
4700 9 16 MQ 14 5MQ 19 30 MQ

5 OPEN 10 OPEN 15 OPEN - 20 OPEN

Five of the elements (H1, H5, H10, H15 and 119) were carefully inspected at
the site of lead attachment to the spool. The boot molding vompound was removed
from around the lead and the edge of the spool. Continuity measurements between
the ground surface of the spool and the lead directly above the bonded attachment
confirmed open circuits. Two of the leads appeared to be tightly bonded (H5 and
H19) and were the only ones configured with a build-up, or fillet, of cpoxy around

- the penetration. - o o '
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The conductor leads were then removed from the attachment site and the
epoxy was tested. A needle attached to a probe of the digital voltmeter was inserted
in each hole and resistance was measured to the bared aluminum surface. Open
circuit measurements clearly indicated that the epoxy was non-conductive at the
time of autopsy. Additionally, two needle probes were placed adjacently across the
surface of the epoxy within the holes on two hydrophones, and again open circuits
indicated a lack of surface conductivity.

The epoxy was observed to be black, and in four units apparently rigid
throughout. However, some of the material removed from the spool of H5 was
soft, apparently due to either an incomplete cure, contamination from the boot
molding operation, or other causes. After material was removed from the inside
surfaces of the drilled holes, resistance was measured with the needle probe from
there to the ground area of the spool. Continuity was confirmed, which suggests
that the drilled holes were properly made after the spools were anodized.

Wiring circuits and soldered connections to the copper mesh sleeves were
found to be functional in all shielded elements.

3.3 Quier Boot Molding

The hydrophone assemblies were configured with a minimum of three
separate polyurethane molding operations. The printed circuit board and ceramic
stack/spool assemblies were pre-potted prior to hydrophone construction and then
encapsulated within an outer boot. In addition, each of the twenty hydrophones
were observed to have distinct repair sites (obviously unplanned) made apparently
to correct electrical wiring deficiencies involving circuit attachments of the PCB
assembly. This procedure apparently required excavation into the boot molding,
circuit repair, and re-enclosure of the site with an injection of molding compound
to reconfigure the outer boot. The exact nature of the repair was not determined
during autopsy.

3.3.1 PCB Pre-potted Subassembly

The pre-potted molding subassembly of the PCB of the hydrophone was
characterized by autopsy inspections of five units. According to DWG.
NO. 050591.DWG, the pre-potting should have formed a uniform wall thickness
around the “U” cut-out of the PCB. However, in each of the units which were
inspected, the wall thickness of the molding decreased significantly in the radius of
the “U.” The thickness was approximately 0.006 inches on one unit and may have
decreased to near zero in two others. A cross-sectional view of the PCB of H19 is
shown in Figure 8.

The pre-potted PCB moldings appeared to be generally free of voids and air
bubbles.
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Figure 8. Pre-potted PCB Assem‘bly Tinted with Red Ink
3.3.2 Ceramic Stack Pre-potted Subassembly

The pre-potted moldings of the ceramic appeared to be generally free of voids
and air bubbles.

3.3.3 Outer Boot Molding

The outer boot moldings were observed to vary in quality from unit to unit;
however, many were affected by air bubbles and other molding defects. In general,
there were more bubbles in the area of the PCB, although some units had bubbles
trapped in the shield sleeves over the ceramic elements. Other defects included sites
of cloudy (or opaque) material, which may suggest poorly mixed catalyst and resin of
the molding compound. The repair sites made to correct electrical defects were all
observed to have numerous air bubbles and many had cloudy sites. This is not
considered unusual, however, since wiring repairs involving molten solder and
possibly solder flux would be difficult to perform without residual contamination.

3.4 Wiring Inspection

The wiring harness bundle was inspected at various sites along the length of
the stave. It was noted that there were 30 wires in the bundle and there was a
tendency for the jacket insulation to discolor from gray to yellow along the length of
the stave. Between the electrical connector and element H1 there were six wires
which were distinctly yellow, eight which were slightly discolored, and 16 which
were gray (as specified). Beyond 120, there were only eight wires which were gray,
three slightly discolored, and the rest distinctly yellow. Inspections of the shield and
conductor strands of the coaxial leads suggested that there was a correlation between
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discoloration and the presence of corrosion products around the copper siranding.
This would suggest that water and resulting corrosion products caused the observed
discoloration. Figure 9 shows the wiring bundle laid flat and in numerical order
top-to-bottom. The upper bundle was taken between the connector and H1 and the
lower was from a section past H20.

Figure 10 shows a yellowed and a gray conductor. Note that the shield of the
yellowed conductor is severely corroded and exhibits a red, pasty corrosion product.
Other corroded shields had a black, powdery corrosion product.

The yellow discoloration was not necessarily gradual or uniform for any given
wire. In some cases, mottling occurred and jackets were seen to change color 2brupt!y
and repeatedly through a given length between hydrophones. It is suggested that the
increasing number of yellowed conductor jackets toward the end of the stave is
related to the increasing number of opened conductors along the stave. It was noted
that as conductors were used in the hydrophone circuits, a loose end of the wire was
found between the hydrophone in which it was used and the next one in series. This
allowed the overall bundle size to remain constant throughout the stave, but also
produced an increasing number of conductors that were open to water.

A color code for the 24 coaxial conductors of the wiring bundle is included in
note 1.C. of DWG. NO. 050191.DWG. A discrepancy was noted during autopsies
involving wire numbers 21 and 24. Assuming that the listing shown in the table
implies numerical order, the yellow/brown and yellow/green wires were reversed.

Water was observed between the outer insulation (reported to be a product
referred to as MIL-ENE® C rated at 300V) and the gray polyurethane jacket on many
conductors. Probable entry sites were identified near many of the hydrophones,
where the MIL-ENE® insulation was found to be distorted (wrinkled), apparently
due to flexing caused by handling. In the worst cases, fatigue resulted in breaks in
the insulation. Figure 11 shows two conductors with damaged insulation and water
between the insulation ard jacket.

Water droplets were found on conductors within the hydrophone
encapsulations of three units (H7, H15, and H19), as verified by insertion and
removal of a needle which resulted in water migration out of the resultant hole.

3.5

The wiring harness bundle used in the HGA is configured with an inner
strength member of 3/16 in. nominal diameter composed of an outer, braided sleeve
(material unidentified but possibly nylon) and an inner core of Kevlar®. Tensile
testing was performed on three lengths of the strength member using an Instron
universal testing machine. Overhand knots were tied into the ends of each segment
which were used to affix the cords around 0.5 inch steel pins. Failures occurred at
1340, 960, and 1380 pounds of axial load (for an average of 1227 pounds). Breakage
occurred near, but not within, one of the knots during each test.
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Figure 10. Corrosion Products in Yellowed Conductor
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Figure 11. Water Present Beiween Degraded Insulation

4.0 SUMMARY OF AUTOPSY FINDINGS

The most significant observations made during the HGA stave autopsics are
summarized below:

ey

. EMI shieldings of the aluminum spools were found to be flawed by the lack of
conductivity of the epoxy used to bond the capacitor leads. In addition, the

epoxy failed to provide a tight bond of the leads, perhaps due to shrinkage or a
basic incompatibility with the copper lead.

. Deficiencies were observed with the positioning of the printed circuit boards
within the pre-potted polyurethane moldings. In the worst case (1113), there
appeared to be an area in the radius of the “U” cut-out where there was
practically no coverage of the edge of the board. In F10, the thickness at one
site of the radius was approximalely 0.006 inches and on H19 the material
decreased to near zero thickness.

. Water was found between the outer insulation and the jacket of many of the
coaxial stave wires. In addition, the insulation was found to be distorted, or
wrinkled, in numerous sites near entry and exit sites of individual
hydrophone elements. (No damage was observed in areas away from
hydrophones.) In some cases, the wrinkled sites were open, apparently due to
cyclical faligue duc to bending. It is suspected that these degraded sites
provided the leak path for waler ingression along the wiring bundle.
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Water droplets were also observed on various wires and terminations within
several hydrophone elements. It is suspected that wicking occurred along the
coaxial wires between the outer insulation and the jacket.

Many of the hydrophones had poor outer boot moldings, especially in the
area around the pre-potted PCB. The pre-potted moldings of the PCB and
ceramic cylinders were generally free of voids. In addition to the bubbles,
many of the outer moldings were affected by discolored sites which appeared
to be due to incomplete mixing of the catalyst and resin of the polyurethane
molding compound. Areas were also found where the material within the
boots was very soft and apparently in the “gum” state, or incompletely cured.

Many insulation jackets in the 30-conductor wiring bundle were observed to
have discolored from gray to yellow. Inspections revealed that at the
connector end of the bundle, 14 of the jackets showed at least some yellowing,
but that only six of these were completely yellow. At the area beyond element
H20, however, only eight of 30 conductors remained gray. There appeared to
be a correlation between the discoloration and corrosion products and
moisture in the conductor strands.

The shields of the discolored coaxial leads were observed to be most severely
degraded {in both numbers and degree) in increasing extent from the middle
of the stave to beyond element H20. The worst shields were found to have a
red, pasty substance in the interstices between strands. It was not deterrined
whether this was a corrosion product of the copper strands or a material
which migrated along the conductor. The discoloration and shield
degradation may also be related to the increasing number of open conductors
- within the bundle towards the end of the stave.

Appendix D contains various representative photographs taken during the
HGA stave autopsies. ' e
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MISSION PROFILE FOR NSWC HGA POTTED HYDROPHONE STAVES

Shipment: The staves will be shipped/stored on individual reels with an
inner diameter of one foot.

Installation: The staves will be installed vertically on the HGA frame and
each stave will be tensioned to a zominal load of 150 pounds.

Storage: The HGA modules will be stored on the deck of HAYES and exposed
to the environment (sunlight, salt sp:+y, wind, etc.). The HGA modules may
be designed to be collapsible in the storage mode. In this case, the staves
would remain attached to the frame but would undergo some bending and
redistribution. ,

East Coast: Deployment: The HGA modules will be deployed via a crane and
winch and slowly lowered to the appropriate depth. Two HGA modules will
be deployed at a nominal depth of 400 feet. The third module will be
deployed through the center well of the HAYES. The depth of this module
will be varied from 400 feet to 1600 feet. During this period of deployment,
the modules may be towed through the water at speeds up to 3 knots as the
HAYES repositions itself due to changes in wind direction. Water
temperature may vary from 55°F o 85°F.

The module will be deployed and anchored to the
epth will be 400 feet and the nominal water
temperature is 42°F, ' ' '

Duration: For the East Coast Trials Program, typical trials are one week in
duration with approximately 24 trials per year. For the West Coast Trials
Program, the module will remain anchored to the ocean buttom on a semi-
permanent. basis. T '
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RELIABILITY TESTING OF LONG LIFE UNDERWATER COMPONENTS

Alan V. Bray and Shawn L. Arnett

‘Texas Research Institute Austin, Inc.
9063 Bee Caves Road
Austin, Texas 78733

ABSTRACT

Real time reliability testing for long life components
is expensive and the testing period often precludes cor-
rective action before service use. Accelerated lifetesting
(ALT)isacommonmethod forassessing thereliability of
electronic companients, but dassic electronic ALT meth-
ods arenatapplicable tosutunerged components. Meth-
ods for quantitative ALT of underwater components
with acceleration factors ranging fromseven (?) tofifteen
(15) equivalent Floet service years per calendar year of
test are discussed. The acceleration factos is dependent
upon the mission profile the component experiences in
service. Recently developed techniques for estimating
the Flent service life of underwater compostents from
ALT are presented. Examplesof transducer and connac

tor reliability tests are presented to illustrate the meth.

ods. Reliability estimation from ALT results in test-to-
falluse and test-to-degradation desigus are discussed,

Acctlerativnof theservicestressestowhicha compo-

- nentissubjitedisdonein twoways:duty eycleaccelara

tion and stress intensity aceeleration. Duty cjcle accal-
cration iivelves subjecting the companent to service
stresses for & time period which excceds neraal service
durations.” A component which is submerged in salt

~water for eight (6) fioturs a day in servioe can be tested

with  duty cyde aeceleration factor of three (3) by

submerging the conponent 24 howrs a day.

Stress intendily acceleraty  nvolves the application
of ahighesstress tothe compohient thanit willexperience
in service. Asan example consider corrosion, in which
the rate of dzrradation s acoelerated by incrvasing tem-
perature. For a submerged component whose faljure
rate is propistiohal to extent of covroslon; reliability
testing at elevated temperatures will corvode, and then
fail, thepartfaster. Mathematically onceandeplctithisas

atranslation of the tme scale of the seliability function of

the component, resulting in the linear acceleration as~
sumption {1},

Ru(t‘) = RQ“IA) (1)

where R, is the reliability in normal serviceuseand R, is
thereliability underan accelerated stress condition. The
linear acceleration factor, A, relates time to failure at
accelerated stress (t) to time to failure under normal
service (t).

SUBMERGED COMPONENT ALT

Conunon submerged companents such as cornee-
tors, transducers, undeswatercameras, cables, hulls, and
50 ody, can be tested for cellability in a (raction of the
expected lifeoi theitemby peoper useof thevelstionship
in (1). Stresses to which submesged components are
routinely exposad tadude temperature, temperature
cyding, pressure, pressusecycling, electrochemical reac-
tions (oiten zocelerated by tamperature bicreases), and
alrexposurestresses prior toinstallation o during main-
terance which indude sunlight QIV), temperature,
humidity, and alr pollution. Additicnad stressesindude
those associated with actual operation suzh as the puls-

ing of a plezoclectric transduces ok the load o an ROV

dnive motor.

Desigiing an ALT schedule nxqulves charactepiza-
tion of the mission or use profile into the stresses and

-~ durations experienced In service. An example {2]of this

is shown in Figure 1 which is a porton of the mission
profile for the TR-317, the ANZBOQS Spherical Aray

. transducer. For each stress in the components” mission

profile oie or rore acceleration factors age taken into
agrount.  As an example, the seveleration factor for
temperature comes from the Arhendus equation foe -

thesoial stress aging, and time to fatlure (t) s given by

vy @
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where B is a constant, a is the activation energy associ-
ated with the thermal aging process which is dependent
on the specific material, r is Boltzmann’s constant,and T
is the temperature in degrees Kelvin, The acceleration
factor between service and laboratory test temperatures
is the ratio of the times to failureat the two temperatures,

B exp
s

Misslon Profils - Servica Mode TR-317

Extreme { Long Term
Exposue Occurrenca | Duration Duration
Temperature Tropleal +32*C 7°C-21°C
960 hre./yr, | 3420 hrs./yrs.
Sea Watar Arctic -2°C -1to11°C

$60 hrs.fyr. | 3420 hrs Ayrs,

. . . L]

. . . .

. . . L]

< G

ALT Plan Calculations
Sarvice Accelaration
Duratlon Factor A ALT Duvation (t,)
Q2°C/980 hrs, 11.47 159 bws, @ 70°C
14°C/3420 trs, | 46,66 Trepical
~-2°C/960 hrs, 181,82 41 hrs. @ 70°C
5°C/3420hrs, | 97.09 Arctio

FIG.1 AN ILLUSTRATION OF MISSION PROFILE
TRANSLATION INTO ALT PLAN FOR THE TR-317

Thevalueof A inequation 3is always greater than one for
laboratory temperatures which are greater shan service
temperatures, and this is an example of why the reliabil-
ity of acomponent can be measured in less than real time.
Similaracceleration factorsare used for theother stresses,
and the final ALT design is a linear programuning prob-
lem to balance the accelerated expsoure times with the
mission profile.

Pressure cycling acceleration factors are associated
with fracture failure modes resulting from material cy-
dlic fatigue. The crack growth process in these fracture
failure modes is proportional to pressure differential
raised to the fourth power for many polymeric materials.
The acceleration factor is then the fourth power of the
ratio of the laboratory and service cyclic pressure differ-
entials, i.e. (AP,/AP)*.

The laboratory tests which make up an ALT are
component mission profile stresses at durations and
levels determined by the physical acceleration factors.
Each material and sub-component must be assessed for
its response to the service stress profile and included in
the ALT plan. The result is a series of Jaboratory expo-
sures which represent an equivalent year of Fleet use.
Testing consists of exposing theitem tothe ALT schedule
and measuring the performance of the component as a
function of Fleet equivalent ime.

Thetotal acceleration factor inequation (1) is theratio
of the ALT exposure time to the to the Fleet use time
beingaccelerated. Inthecaseof anitem withan expected
Fleet life of fifteen (15) years and a test time of 1.5 years
of actual exposure, A is ten (10). The figure of merit for
the cost benefits of an ALT Is .ne ratio of total laboratory
test time, (including diagnostic measurement time, dead
times associated with logging the transducers into the
laboratory, and similar periods) to Fleet lifetime. Han-
dling overhead adds approximately 10% in calendar
time at the two NRL/USRD sponsored ALT facilities in
Austin, Texas and Orlando, Florida. The efficlency of the
tests for Navy ship/submarine wet end components
ranges from 7.0to 15.0 depending on the item tested and
its mission profile.

EXAMPLE TEST RESULTS AND ANALYSIS

In tests which continue until all of the units have
failed, the undt failure rate, reliability, and MTBF are
estimated based on the time of failure. An example is
shown in Figure 2 for the standard MIL-C-24231 connec
tor used in the AN/BQR-7 sonar system, Alsoshown in
the figure is data from a specific submarine. The data
presented is the reliability based on the Fleet disconnect
criteria for the insnlation resistance (IR) of the connector
asa function of Fleet equivalentyearsof sérvice, Matertal
hardness and pin-to-pin capacitance are usually also
monitored in connector ALT, but the IR data suffice for
example, Both data sets are presented in terms of relia-
bility as a function of ime, with the Fleet data analyzed
by computing the percentage of operating units as a
function of time, while the ALT data were analyzed
using a non-parametric estimate for small sample size
reliability tests given by (3]




R() = R(1,A) = 1.0 - (R{ta2)- 03] @
N+04
Where the t A term is shown to illustrate that this is the
equivalent Fleet reliability function, n(t A) is the cumu-
lative number of failures at Fleet equivalent time t A and
N is the number of units in test.

AN/BQR-7 Hydrophone Connector Relisbility

100
[-—seeme ALT Data Based
on "Average®
73 ASN Mssion
Profle
)
P
I
&
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] 1 2 3 4 H ]

Fleet Equivalent Age (yrs.)

FIG.2 A COMPARISON OF FLEET AND ALT
RESULTS FOR THE MIL-C-24231 STANDARD
CONNECTOR USED IN THE AN/BQR-7 SONAR

The ALT plan on which the laboratory tests were
based was for an average submarine profile for units
based in all ports (2]. The specific submarine used for the
study was based in Charleston, S.C. in much warmer
water than average. The primary failure mode for these
connectors is cathodic delamination [4] of the polymer
encapsulation material from the steel backshell of the
connector, and this failure rate is accelerated by water
temperature. The shaded region in Figure 2 shows the
adjusted result had the ALT Plan been based on the
warmer water exposure condition. This shows that the
ALT scaling of the Fleet equivalent year was fairly accu-
rate, and that ALT data are representative of the reliabil-
ity of this connector in Fleet service. This connector has
since been singled out for a higher reliability design
which uses a glass reinforced epoxy composite backshell
and eliminates the cathodic delamination failure mode
fs].

Inanotherrecently completed test TR-317R transduc-
ers were subjected to a fifteen (15) Fleet equivalent year
ALT. These transducers were expected to last fifteen
years in terms of gross operability, but there was poten-
tial for aging degradation of the transducer parameters
in Fleet use. The units underwent an ALT schedule
similar to the connectors above, and immittance, IR and
materialmeasurements weremadeeach equivalentyear.

A setof degradation limits was deduced from the Critical
Item Procurement Specification (CIPS) [6] and these
provided the basis for estimating the reliability as a
function of Fleet equivalent age.

Admittance resonance-frequency change data from
the test units are shown in Figure 3. The data are the
result of a spectral features algorithm which fits the
admittance and displacement per volt spectra with a
cubicspline. The analytic function which results is then
examined for extremes which correspond to resonance
frequencies; and the quality factor (Q) for each resonance
is computed as the ratio of the 6 dB down peak width to
the resonant frequency. These data are baseline cor-
rected to their value in a new condition, i.e. for each
measured spectral parameter the value C,, wherei is the
time index, is referenced to time zero by

ACI (taA) = Cl -G (5)

The AC, data are then fit with a linear degradation func-
tion of the form

AG{t,A)=b +ct,A 6)
AF1 Values
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~
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©
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FIG.3 BASELINE CORRECTED
ADMITTANCE RESONANCE FREQUENCY
MEASUREMENTS FOR THE TR-317R
AS A FUNCTTON OF FLEET AGE




This statistic is used to predict (for short periods
bevond the ALT) the reliability of the transducer. Thisis
accomplished using the probability density function (pdf)
of the AC, Using the student t distribution for the pdf in
a classic prediction problem [7] results in a critical value

of t given by (the t A notation is dropped in 7 and 8 for
clarity):

‘ﬂil- A(:t'ril'ro"'cﬂ
g .n?n:n_l_+ (tp- ¥ ‘ )
n- ;(h-i“fa
where

T e AC(-(b + d)

AC,, is thecritical value for the parameter in question, i.e.
the point at which the transducer parameter has de-
graded to a point which impacts function, and t_is the
time at which the prediction is made. This is illustrated
in Figure 4.

AC et (Thmshol& Degradation)

» t(EY)

FIG. 4 ILLUSTRATION OF ANALYSIS OF
SAMPLE DATA

The reliability function associated with the parame-
ter C is then the probability that AC_, is not exceeded.
This is approximated as

tow
RlCW]=Ls| et/ 9
e[ o
Equation nine(9) provides the reliability function assodi-
ated with the j* reliability measure C,

Figuse 5 shows the reliability function assoclated
with the data shown in Figure 3, and also includes the
control unit reliability processed in the same manner. In

i e IR e £ 0

addition sixteen (16) other measures were examined for
degradation. Some examples include:

* Encapsulation hardness

* Admittance Resonance Q

* Cable and transducer capaditance
* Cable and transducer IR

* Housing resonance

* Admittance Resonance Magnitude

AF1

\ Control Unit

1.00

0.99

0.98

0.97- ALT Unit

Reliability

0.961

0.95 T ¥ i 1 v
0 5 10 15 20 25

Fleet Equivalent Years

FIG. 5 THE RELIABILITY FUNCTION FOR THE
DATA OF FIGURE 3 USING THE METHOD
ILLUSTRATED IN FIGURE 4

The final estimate of TR-317R reliability is the prod-
uct of the reliability functions for each of the component
measure at cach time increment, l.e.

R(taA) = IIR(t) -0

where the index j is over the individual reliability meas-
ures. There is admittedly an issue here regarding the
independence of these estimates. Each R relates to a
specified measure of degraded performance, but some
may be degraded by thesame failure/degradation mode
as others. The impact of this effect is to provide a loose
lower bound estimate of thereliability of the transducer.
The resulting rellabllity estimate for the TR-317R
transducer is shown in Figure 6 along with the control
unit data processed in the same fashion. Also shown in
the figure is the reliability spedification criteria for this
Fleet component, and from these data itis clear that the
TR-317R satisfied the specification for reliability.




TR-317R Composite Unit Reliability
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FIG.6 FINAL ALT RELIABILITY ESTIMATE
FOR THE TR-317R TRANSDUCER
CONCLUSIONS

Verification of reliability specifications for long life
underwater components is a cfficult task in real time
since flaws that limit product life may not be discovered
until the government no longer has the contractural
opportunity to correct them. In the procurement cycle
the opportunity to verify reliability first presents itself at
first article dellvery, and the time frame between first
article and acceptance is often large enough to complete
an ALT and obtain quantitative measures of reliability.
Tlie ALT times required for submarine components is
from1 to 1.5 years fora complete mission profile test,and
can be reduced for specific failure mode testing. Surface
ship ALT times for long-lifeitems range from 1 to2 years
for a complete mission profile test. Sub-components
such as coatings and encapsulations can be tested in as
little as 4 to 6 months., The methods have been proven to
correlate well with Fleet data and represent the shortest
time period for full term validation of reliabllity specifi-
cations.
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RESPONSE CURVES FOR ALL ELEMENTS
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APPENDIX D
PHOTOGRAPHS OF HGA STAVE AUTOPSY
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No. 1- WATER DROPLET ON CONDUCTOR WITHIN MOLDING OF UNIT H7
(Repair site in molding made a convenient transparent window)

No. 2 - NEEDLE INSERTED AND IN CONTACT WITH WATER DROPLET
D-2
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No. 3 - CONDUCTOR #7 KINKED AT ENTRY SITE INTO MOLDING
(conductor re-routed from normal lay for preferred entry site)

No. 4 - FLAWED PCB PRE-POTTED MOLDING ASSEMBLY (untinted)
D-3
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No. 6 - LEAD REMOVED FROM SPOOL
D-4
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No. 8 - ROUGH SECTIONING OF SPFOOL AND DRILLED HOLE
D-5




